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Differential Expression of Angiogenic and 
Vasodilatory Factors by Invasive Trophoblast Giant 
Cells Depending on Depth of Invasion 

Myriom Hemberger,^* Todoshige Nozcki,^ Mitsuko Masuton!,^ and James C. Cross^ 

The uterine bed undergoes remarkable changes during pregnancy, including proliferation and decidualization of the 
uterine stroma and remodeling and angiogenesis of the maternal vasculature. Fetal-derived trophoblast giant cells 
invade into the uterus where they gain access to the maternal blood circulation to ensure sufficient nutrient supply 
of the embryo. In serial sections through early- to mid-gestation conceptuses, we have determined the exact distance 
of trophoblast invasion and the expression of angiogenic, vasodilatory, and anticoagulative factors that are likely to 
influence remodeling and redirection of the maternal circulatory system. Trophoblast derivatives were detected at a 
distance as far as —300 jxm from the placental border, where they are allocated exclusively along the mid-line of the 
decidua. The farthest invading cells characteristically expressed proliferin and proliferin- related protein, hormones 
that affect endothelial cell migration and vascularization. Occasionally, these cells replaced the normal vascular 
endothelium and acquired a "pseudo-endothelial" shape. Complete vascular disintegration was observed 50-80 fxm 
outside of the placental border where maternal blood was entirely lined by a trophoblast giant cell-derived network 
of blood sinuses. This transition in blood space lining correlated with trophoblast expression of various vasodilatory 
and anticoagulative factors that are likely to promote blood flow toward the placenta. Analysis of terat oca rein oma- 
like tumors demonstrated that trophoblast giant cell-induced promotion and redirection of blood flow is not restricted 
to the uterine environment. These results show that trophoblast giant cells have the intrinsic capacity to attract and 
increase blood flow and to gradually displace the vascular endothelium resulting in the formation of canals entirely 
lined by trophoblast cells. Developmental Dynamics 227: 185-1 91 j 2003. o 2003 Wiley- Liss, Inc. 
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INTRODUCTION 

One of the most intriguing features 
of mannnnajjan embryonic develop- 
ment is tine re-organization of the 
uterine tissue by the conceptus at 
sites of implantation. Concurrent 
with decidualization of the uterine 



stroma, a remodeling of the mater- 
nal vasculature occurs during the 
first days after blastocyst attach- 
ment to promote blood flow toward 
the embryo. The Increase In blood 
flow is achieved by blood vessel 
growth through angiogenesis as well 



as by vasodilation (Cross et al., 
2002b). The loss of vascular smooth 
muscle in decidual arteries (Adam- 
son et al., 2002) results in lack of ma- 
ternal vasoconstrictive control over 
blood flow rates, thereby also pro- 
moting an increase in blood flow. 
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Although a decidualizing reaction 
can be induced by nonspecific stim- 
uli (De Feo, 1963). appropriate blood 
vessel outgrowth and remodeling re- 
quires the presence of a conceptus 
(IVla et al., 1997). In rodents, the fe- 
tal-derived cells that directly interact 
with maternal tissue are trophoblast 
giant cells (TGCs; Cross et al., 1994). 
TGCs mediate blastocyst attach- 
ment in early embryogenesis and 
exhibit invasive characteristics into 
the uterine stroma after Implanta- 
tion. In the late-stage mouse pla- 
centa. TGCs are the site of produc- 
tion of a variety of hormones and 
cytokines (Muntener and Hsu, 1977; 
Cross et al.. 1994). TGC differentia- 
tion from trophoblast stem cells is 
tightly controlled by a variety of tran- 
scription factors that regulate the 
extent of giant cell formation (Cross 
et al.. 2002a). Characteristically, 
TGCs are highly polyploid, which re- 
sults In their unusually large size (Zy- 
bina and Zybina, 1996). As judged 
by their invasiveness and gene ex- 
pression patterns, TGCs are analo- 
gous to extravillous cytotrophoblast 
of the human placenta (Hemberger 
and Cross, 2001). This analogy is fur- 
ther supported by the polyploid na- 
ture of human extravillous cytotro- 
phoblast (Berezowsky et al.. 1995). 
although its extent of ploldy Is less 
pronounced than that of murine 
TGCs. 

TGCs are associated with mater- 
nal blood at all developmental 
stages. Immediately after implanta- 
tion, primary TGCs of the parietal 
yolk sac form an anastomosing net- 
work of blood sinuses at the periph- 
ery of the embryo (Bevilacqua and 
Abrahamsohn. 1988). Invasive TGCs 
are believed to gain access to de- 
cidual blood vessels, and in the sec- 
ond half of gestation, TGCs line the 
entry sites of maternal blood lacu- 
nae Into the mature placenta by re- 
placing the vascular endothelium 
(hemochorial placentation) and 
also invade by means of an endo-/ 
perivascular route upstream into the 
spiral arteries (Adamson et al.. 2002). 
In addition to their spatial arrange- 
ment. TGCs synthesize a variety of 
angiogenic and vasoactive sub- 
stances (Cross et al.. 2002b). which 
further strengthens the suggestion 
that TGCs are capable of redirect- 



ing and increasing maternal blood 
flow toward the embryo. 

TGCs are associated with the ap- 
pearance of large blood-filled ar- 
eas in teratocarclnomas that are 
derived from embryonic stem (ES) 
cells deficient for the gene encod- 
ing poly(ADP-ribose)polymerase 
(Parpl: Nozaki et al.. 1999). There- 
fore. TGCs may have similar effects 
in both the normal physiological 
uterine environment and outside 
the uterine vascular bed. To exam- 
ine the potential of TGCs to induce 
a redirection and promotion of 
blood flow, we have determined 
the exact distance of TGC invasion 
and their spatial arrangement in re- 
spect to blood vessels in the transi- 
tion zone of endothelial cell-lined 
arteries to open trophoblast-lined 
canals in normal implantation sites. 
We also investigated the expres- 
sion of angiogenic, vasodilatory. 
and anticoagulative peptides by 
TGCs as potential mediators to 
cause or support the increase in 
blood flow. 

RESULTS AND DISCUSSION 

In previous work, we have described 
the pattern of TGC invasion in pla- 
centas from the latter half of gesta- 
tion in mice (Adamson et al.. 2002). 
In this study, the distance of TGC in- 
vasion from the main giant cell layer 
of the ectoplacental cone and pla- 
centa into the uterine stroma was 
analyzed in serial transverse sections 
through implantation sites at embry- 
onic days (E) 8.5-E11.5. TGCs were 
detected by in situ hybridization with 
the giant cell marker proliferin (Pit 
Linzer et al.. 1985) and by immuno- 
reactivity to cytokeratin (Brulet et al., 
1980; Adamson et al., 2002). At E8.5, 
TGCs were observed as far as -300 
/jLm distal to the tip of the ectopla- 
cental cone. This distance was 
slightly reduced at later stages, likely 
reflecting the expanding size and 
flattening shape of the placenta 
overall, and varied between 150 
and 250 /mm in E9.5-E11.5 embryos. 
When tracing individual spiral arter- 
ies from the placenta into the de- 
cidua, the interaction and replace- 
ment of endothelial cells with TGCs 
could be visualized (Fig. lA). This 
spatial arrangement was particularly 



obvious from E9.5 onward when the 
diameter of spiral arteries was in- 
creased which allowed their track- 
ing over a long distance. TGC inva- 
sion was always confined to the 
center of the implantation site as an 
extension of the tip of the ectopla- 
cental cone (Fig. 1). No trophoblast- 
derived cells were detected in 
lateral regions of the decidua. Be- 
cause spiral arteries converge to 
form a few central canals in the mid- 
dle of the placenta (Adamson et al.. 
2002), the cone-like invasion of TGCs 
spatially correlated with the zone of 
spiral artery convergence. 

TGC morphology and spatial asso- 
ciation with maternal blood spaces 
was conspicuously different at vari- 
ous depths of invasion. Close to the 
border of the placenta, TGCs were 
of characteristically large size and 
easily distinguishable from all other 
cell types (Figs. 1. 2). Endovascular 
TGCs that replace endothelial cells 
of maternal spiral arteries had a spin- 
dle-like appearance and smaller nu- 
clei by comparison (Fig. 1 B,C). Cyto- 
keratin immunoreactivity confirmed 
the trophoblast origin of these cells, 
despite their atypical TGC morphol- 
OQY (Fig. 1 B). Although the exact de- 
gree of ploidy of the invading endo- 
vascular TGCs was not determined, 
their nuclear and cellular sizes were 
larger than that of surrounding en- 
dothelial and decidual cells. By us- 
ing transfilter invasion assays with 
mouse trophoblast stem cell lines, 
we have similarly found that TGCs. 
rather than any other trophoblast 
subtype, are at the ''leading edge" 
of invasion (M. Hemberger, J.C. 
Cross, unpublished results). Deeply 
invading. P/f-positive TGCs did not 
express placental lactogen I (P//), 
however, which is a marker of early 
stage TGCs (Carney et al., 1993; Fig. 
IC). Instead. Pll was only detect- 
able in regions closer to the forming 
placenta in a subset of P/f-positive 
cells (Fig. IC). Endovascular re- 
placement was most prominent 
within the first 100 /xm of invasion, 
where TGCs often represented the 
complete vessel lining (Fig. lA). Fur- 
ther upstream in the spiral arteries, 
individual endovascular TGCs were 
interspersed between, and re- 
placed, endothelial cells (Fig. 1 A-C). 
IVIost P/f-positive cells at the front of 



TROPHOBLAST INVASION AND ANGIOGENIC REMODELING 187 




Fig. 1. Trophoblast giant cell Invasion Into the decldua. A: Expression of P/f mRNA by endovascular trophoblast giant cells along the 
length of their Invasion path. A single spiral artery (asterisks) of an embryonic day (E) 9.5 Innplantatlon site Is traced In transverse sections 
after in situ hybridization with a P/f probe. The distance from the main placental border is given for each section. The area depicted in the 
photographs Is Indicated by the open box In the diagram. Dec, mesometriai decldua; EPC, ectoplacental cone; SpArt, spiral arteries; 
TGCs, trophoblast giant cells. B: Spiral artery after In situ hybridization with a P/f probe and antl-cytol<eratln (CK) Immunohlstochemistry on 
serial transverse sections of an El 0.5 conceptus. Endovascular P/fexpressing cells are cytokeratin-positive, which demonstrates their 
trophoblast origin. C: In situ hybridizations with P/f and Pll on E8.5 implantation sites at Intermediate and distal regions from the main giant 
cell border. A subset of P/f-posltlve giant cells with typical giant cell morphology Is expressing Pll at Intermediate distances. IVIore distally 
located endovascular trophoblast giant cells (arrowheads) do not express P/7. Scale bars = 40 jxm in A,C, 20 jxm in B. 



invasion were located within one or 
a few cell layers underneath the vas- 
cular endothelium. In addition to the 
association with spiral arteries, TGCs 
were also consistently observed 
close to and breaching the epithelial- 
lined remnants of the blood-filled uter- 
ine lumen at early stages (E8.5 and 



E9.5) of development representing 
another source of blood opening Into 
trophobiast-iined sinuses (Welsh and 
Enders, 1991). 

The expression of various TGC-ex- 
pressed factors with angiogenic, 
vasodllatory, and antlcoagulatlve 
functions was compared through- 



out the invasion zone. These factors 
Included the prolactin-like hormones 
PIf (lee et al., 1988) and proliferin- 
reiated protein (PIfr/Prp: Carney et 
ai., 1993), which promote and Inhibit 
endothelial cell migration In vitro 
and neovascularization In vivo, re- 
spectively (Jackson et al., 1994). 
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Fig. 2. Comparative expres- 
sion of genes encoding an- 
giogenic, vasodilatory, and 
anticoagulative factors in 
embryonic day 8.5 implanta- 
tion sites. The indicated 
probes were hybridized to se- 
rial sections from three re- 
gions: within the main giant 
cell layer, and in giant cells 
associated with spiral arteries 
(asterisk) on transverse serial 
sections at either intermedi- 
ate or distal regions outside of 
the placental border. Note 
that the farthest invading gi- 
ant cells are strongly express- 
ing P/f, Pffr/Prp, and Nos2. 
Scale bars = panel of proxi- 
mal region, 40 jxm; panels of 
intermediate and distal re- 
gions, 20 |xm. 
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Vascular endothelial growth factor 
(Vegf) Is a key angiogenic molecule 
that is produced by TGCs (Voss et 
al., 2000). TGCs also produce the po- 
tent vasodilators adrenomedullin 
(Adm: Yotsumoto et al., 1 998) as well 
as nitric oxide (GagiotI et al.. 2000). a 
product of inducible (INOS. Nos2) 
and endothelial (eNOS, Nos3) nitric 
oxide synthase. Thrombomodulin 
(Thbd) Is Important to prevent clot- 
ting of maternal blood floating 
within trophobiast-iined lacunae of 
the parietal yolk sac and the pla- 
centa as it is expressed by TGCs and 
syncytiotrophoblast (Weller-Guettler 
et aL 1996). 

Trophoblast-derlved cells at the 
distal most reach of invasion (i.e., 
150-300 /Jim beyond the placental 
trophoblast border) were always 
identified by coexpresslon of P/f and 
PIfr/Prp (Fig. 2). INOS/A/os2 expres- 
sion was present In TGCs at sites of 
farthest invasion (Fig. 2). INOS/Nos2 
Immunoreactlvlty was also widely 
distributed throughout the decldua. 
although It was more concentrated 
toward the midline of the implanta- 
tion site. Adm. Thbd. and eNOS/ 
Nos3 were only expressed In TGCs In 
relative proximity (within 50-80 j^m) 
to the placenta (Fig. 2). Expression of 
these hypotensive and anticoagula- 
tive factors, therefore, coincided 
spatially with the occurrence of en- 
tirely TGC-derlved blood sinuses. 
V/egf mRNA could only be detected 
in typically large TGCs of the con- 
ceptus not protruding into the inva- 
sion zone (Fig. 2). 

ES cell-derived tumors that are de- 
ficient for the nuclear enzyme Parpl 
contain large numbers of giant cells 
(Nozaki et al., 1999) that belong to 
the trophoblast cell lineage based 
on their typical TGC morphology 
and expression of trophobiast-re- 
stricted genes such as Pll and PI2 
(Hemberger et al., 2003). Sites of 
TGC accumulation within these tu- 
mors are characterized by the oc- 
currence of large blood lakes In di- 
rect contact with TGCs. As in the 
parietal yolk sac and trophoblast in- 
vasion zone of embryos, TGCs 
formed an extended network of 
blood sinuses In Parp /-deficient tu- 
mors and these areas lacked a nor- 
mal, endothellal-llned vasculature 
(Fig. 3A). When tracing Individual 



TGC clusters In serial sections of 
these tumors, scattered TGCs were 
found at a distance of up to 350-500 
/Jim from the main hemorrhagic area 
(Fig. 3B). These distant TGCs were of- 
ten relatively small In size, expressed 
Pit but no other TGC markers, and 
were mostly located In proximity to 
blood vessels and occasionally dis- 
placed their endothelial lining (Fig. 
3C,D). Similar to the Implantation 
sites, only TGCs In the region of com- 
plete vascular disintegration ex- 
pressed Adm. eNOS/A/osa Thbd. 
and Vegf. mainly In large, differenti- 
ated TGCs (Fig. 3E-H). In contrast to 
the conceptuses, PIfr/Prp expression 
was weak In the tumors and not 
present in P/f-positive cells at farthest 
distances from the hemorrhagic ar- 
eas (Fig. 3E,F). Given that PIfr/Prp Is 
thought to counteract P/f function in 
vascular outgrowth (Jackson et al., 
1994), lack of PIfr/Prp expression 
might Indicate an unbalanced TGC 
action In the tumors resulting In mas- 
sive accumulations of blood-filled 
areas. \NOS/Nos2 reactivity was not 
detected in TGCs of the tumors 
(data not shown). 

Our study on serial sections of con- 
ceptuses and trophoblast giant cell- 
containing tumors suggests a fine- 
tuned regulation of gene expression, 
depending on the depth of tropho- 
blast invasion into adjacent tissue. 
Production of vasodilatory and anti- 
coagulative factors coincides with 
trophoblast adopting vasculature 
function by forming a network of 
anastomosing blood sinuses thereby 
promoting blood flow toward the 
TGC-containing area. This function Is 
exerted similarly in conceptuses and 
TGC-contalnIng tumors. Blastocyst 
explants placed underneath the kid- 
ney capsule result in teratocarcino- 
mas that are also associated with 
blood-filled regions at sites of TGC 
accumulation (Avery and Hunt, 
1972). These results clearly show that 
the blood flow promoting activities 
are intrinsic to TGCs and are not de- 
pendent on the physiological envi- 
ronment of the uterine bed. P/f ex- 
pression at sites of farthest Invasion Is 
likely to play a role in the attraction 
of angiogenic blood vessel growth 
because of its function in promoting 
endothelial cell migration in vitro 
and its angiogenic activity in vivo 



(Jackson et al., 1994). Indeed, de- 
cidual neovascularization is per- 
turbed in embryos with reduced PIf 
expression levels (Ma et al., 1997). 
Spatially coordinated trophoblast in- 
vasion, therefore, regulates angio- 
genic remodeling of the maternal 
vasculature of the conceptus to 
achieve maximal blood volume 
concentration at the entry site into 
the placenta. 

EXPERIMENTAL PROCEDURES 

Tissue Samples and Histology 

For normal conceptuses, labora- 
tory strain CDl mice were mated 
and pregnant females were dis- 
sected at embryonic days E8.5, 
E9.5, E10.5, and El 1 .5 (counting the 
day of the vaginal plug as E0.5). 
Whole uterine horns were fixed in 
4% paraformaldehyde for 2-4 hr, 
then cut after every second or third 
implantation site and allowed to 
continue fixing overnight at 4°C. 
After routine processing for paraffin 
histology, tissue samples were em- 
bedded for transverse sectioning 
and serial sections were cut at 7 
jLim through whole implantation 
sites. ES cell-derived tumors were 
obtained by injecting Parp /-defi- 
cient ES cells subcutaneously into 
the flanks of BALB/c nu/nu mice 
(CLEA Japan, Tokyo) as described 
previously (Nozaki et al., 1999). De- 
veloping teratocarcinoma-iike tu- 
mors were dissected 3 weeks after 
Injection, fixed In 10% formalde- 
hyde, and processed for paraffin 
histology. Sections were cut at 
7 /Jim. 

RNA In Situ Hybridization 

Linearized plasmids for Adm (2-kb 
Sac\ fragment of mouse Adm cDNA; 
gift of Dr. Smithies' laboratory), 
eNOS//Vos3 (880-bp fcoRI fragment 
of 3'-reglon of mouse Nos3 cDNA; 
gift of Dr. iVIarsden's laboratory), PIT 
PI2, Pit PIfr/Prp (Carney et al., 1993), 
Thbd (Isermann et al., 2001), and 
\/egf (Breier et al., 1992) were used 
to generate digoxigenin-labeled ri- 
boprobes according to the manu- 
facturer's instructions (Roche). In situ 
hybridizations were carried out at 
53°C overnight using standard pro- 
cedures. Signals were detected by 
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Fig. 3. Comparative expression 
of genes encoding angiogenic 
and vasodilatory factors in ter- 
atocarcinonna-lil<e tunnors con- 
taining trophoblast giant cells 
(TGCs). These tumors were gen- 
erated from embryonic stem 
cells that are deficient for the 
Parpi gene. A: TGC cluster ex- 
pressing PIf mRNA with open 
blood spaces lined by tropho- 
blast cells. B: Section 420 i^m 
away from the area shown in A, 
showing only a few P/f-positive 
cells that are comparatively 
much smaller. C,D: Pff-positlve 
TGCs displacing the endothelial 
cell lining of blood vessels (ar- 
rowheads). E-H: Comparative 
expression on serial sections of 
PIf, PIfr/Prp, Adm, and Vegf (ar- 
rows) In large TGCs within the 
blood-filled area. Asterisks Indi- 
cate corresponding regions In 
the sections. Scale bars = 200 
[im in A,B, 50 [Lvn in C,D, 100 [xm 
in E-H. 



using an antldigoxigenin alkaline 
phosphatase-conjugoted antibody 
(Roche), and staining was per- 
formed overnigint using NBT and 
BCIP (Roclne). Sections were coun- 
terstained with nuclear fast red 
(Dako). 

Immunohistochemistry 

Antibodies against iNOS/Nos2 (Trans- 
duction Laboratories) and von Wille- 
brand factor/factor VIII (Dako) were 
used at 1:100 and 1:200 dilutions, re- 
spectively. Paraffin sections were de- 



hydrated, peroxidase-inactivated by 
Incubation In 3% hydrogen peroxide 
for 5 min, and treated with 0. 1 % trypsin 
(Dako) in 0.01% Caa^ for 5 min at 
room temperature. For antlcytokera- 
tin staining, sections were heated in 
0.01 IVI sodium citrate pH 6.5 and 
washed 3x in 50 mlVI Tris-HCi pH7.5, 
0.3 M NaCL 0.1% Nonidet P-40. The 
anticytokeratin antibody (Dako) was 
used at a 1:100 dilution. Tissues were 
blocked with 10% serum, 1% bovine 
serum albumin for 20 min before incu- 
bating for 3-5 hr with the primary an- 



tibody. After three washes in 1 x PBS, 
horseradish peroxidase-conjugated 
secondary antibodies were used for 
detection. Staining was carried out 
with DAB^ substrate chromogen solu- 
tion (Dako), and sections were coun- 
terstalned with hematoxylin. 
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